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Ultrafast carrier dynamics in InN epitaxial films was investigated by using femtosecond
time-resolved pump-probe reflectivity measurements with a photon energy of 1.58 eV. The hot
electron relaxation time decreased with increasing electron density n, measuring at n−0.5. The
result was contradictory to what was expected from the hot phonon effect and the screening effect.
The authors attributed this result to the important role played by electron-electron scattering in hot
electron relaxation. © 2007 American Institute of Physics. DOI: 10.1063/1.2751110
Indium nitride InN is an interesting and potentially im-
portant semiconductor material with superior electronic
transport properties, making it suitable for high-speed and
high-frequency electronic device applications.1 Recently,
InN has received much attention due to the discovery of its
narrow direct band gap, measuring around 0.7 eV,2–6 in
contrast to the value of 1.9 eV previously reported in
literature.7 Thus, the band gap energy of the ternary alloy
InGaN is known to span from the infrared of InN to the
ultraviolet of GaN. This makes the InGaN much more attrac-
tive for optoelectronic device application.
Quantitative characterization of photoexcited carrier re-
laxations in semiconductors is important for the understand-
ing and modeling of basic relaxation mechanisms of
carriers.8,9 In addition, exploring the energy relaxation pro-
cesses of hot carriers in semiconductors offers significant
information regarding technological applications in high-
speed optoelectronic devices. Ultrafast time-resolved pump-
probe spectroscopy is a powerful tool for dynamic investiga-
tion of nonequilibrium carriers in semiconductors.10
Recently, Chen et al.11 reported that the ultrafast carrier dy-
namics in InN epitaxial films at room temperature, using
time-resolved differential transmission measurements and
the probe pulse photon energies, varied from
0.63 to 0.87 eV. They discovered a hot electron relaxation
time of 20 ps.11 Zanato et al.12 reported a measured hot
electron relaxation time of 200 fs, using the mobility com-
parison method. The optical bleaching recovery time was
less than 3 ps; as reported by Pačbutas et al.13 Since InN is a
highly polar semiconductor, the hot electron relaxation is ex-
pected to be dominated by the electron and LO phonon in-
teraction. All of these reported values11–13 are much slower
than the theoretical value for the electron–LO phonon scat-
tering time of 31 fs.12 The authors have deduced that the
observed slow hot electron relaxation times are caused by the
hot phonon effect. In addition, Raman measurements14 reveal
the long LO phonon lifetime in InN, which suggests that the
hot phonon effect will play a role in hot electron relaxation.
However, Wen et al.15 reported that a slow electron cooling
time can be attributed to the screening effect, rather than the
hot phonon effect, by using degenerate pump-probe trans-
mission measurements with photon energies of 0.925, 0.953,
and 1.00 eV. In this letter, we report the ultrafast carrier
relaxation in InN epitaxial films using degenerate pump-
probe reflectivity measurements. The photon energy of the
laser, which we select as 1.58 eV, is much higher than the
band gap energy of InN. The most striking results we ob-
serve are those at room temperature where the hot electron
relaxation time decreases with increased electron density n,
which measured as n−0.5. This result is contradictory to what
was expected from the hot phonon effect and the screening
effect. We attribute this result to the important role that
electron-electron e-e interaction plays in hot electron relax-
ation. In addition, we observe that the electron-hole e-h
recombination is dominated by Auger recombination pro-
cesses in InN. The e-h recombination rate exhibits linear
carrier density dependence, giving reciprocal effective relax-
ation time dependence 1/Aug=B2n, with B2=2.48
10−10 cm3 s−1. The defect-related recombination time in
InN is found to be 515 ps.
The sample used in this work consists of a 2340 nm
high-quality InN epilayer, grown by plasma-assisted molecu-
lar beam epitaxy on a Si111 substrate using the double
buffer technique. The details of sample preparation can be
found elsewhere.6,16 The 000-1-oriented nitrogen-polarity
wurtzite-InN epilayer is confirmed by reflection high-energy
electron diffraction, x-ray diffraction, and Raman scattering.6
The free electron concentration and mobility of the sample,
measured by room-temperature Hall measurements, are 3.7
1018 cm−3 and 1150 cm2/V s, respectively. The as-grown
InN film shows an intense room-temperature photolumines-
cence PL peak at 0.66 eV, while the optical absorption
measurement indicates an absorption edge energy of
0.8 eV. Due to the high free electron concentration, this
InN film is degenerately doped, resulting in the measured
interband absorption edge energy, which is higher than the
PL peak energy.17
Time-resolved reflectivity measurements are performed
using a standard degenerate pump-probe technique. The laser
source is a mode-locked Ti:sapphire laser that operates at
785 nm 1.58 eV with 100 fs pulse widths and a repetition
rate of 80 MHz. These pulses are split into two beams to
provide the pump and probe pulses. The average power of
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the pump beam varies from 30 to 300 mW and is focused at
a diameter of about 90 m. Thus, the pump fluence ranges
from 6.17 to 61.66 J /cm2, corresponding to effective pho-
toexcited e-h plasma with a density of roughly
1018–1019 cm−3. The average power of the probe beam is
less than 2 mW and is focused at a diameter of about 20 m.
The polarization of the probe beam is rotated by  /2 to
suppress coherent artifacts between the two beams on the
sample surface. The pump is nearly normal on the sample,
while the probe is incident at an angle of 40°. The pump
beam is chopped at 1.5 kHz. The reflected probe beam goes
through a linear polarizer, which suppresses scattered light
from the orthogonally polarized pump, and is detected with a
Si photoconductive detector. A standard lock-in detection
technique is utilized. All measurements are performed at
room temperature.
The reflectivity traces are shown in Fig. 1. The traces are
vertically displaced for clarity. The dashed lines through the
data are a biexponential fit, A1 exp−t /fast+A2
exp−t /slow, and include a convolution with the cross-
correlation functions for pump and probe pulses. In Fig. 2a,
the observed peak reflectivity change versus fluence is
shown. It is clear to see that the peak reflectivity change
increases with increasing fluence. This trend is due to the
conduction band filling effect. Dependence on the amplitude
ratio A1 /A2, which suggests the relative weight of relaxation
on the fluence, is shown in Fig. 2b. It can be seen from Fig.
2b that the weight of the fast relaxation component in-
creases with increased fluence and then finally approaches a
constant value. The relaxation rate for the fast decay 1/fast
and slow decay 1/slow obtained from the fit is shown as a
function of the electron density in Figs. 3a and 3b, re-
spectively. The fast and slow relaxation times decrease from
27.7 to 13.8 ps and 310 to 138 ps, respectively, while the
excitation carrier density increases from 5.41018 to 2.1
1019 cm−3. We attribute the fast decay occurring within a
few picoseconds to hot electron relaxation and the slower
feature at longer delays to e-h recombination.
It is well known that at high electron densities, due to the
hot phonon and screening effect, there is a significant reduc-
tion in the hot electrons’ energy loss rate through LO phonon
emissions.18 Thus, the hot electron relaxation time increases
as the excitation density increases. In Fig. 3a, our result is
contradictory to what is expected from the hot phonon and
screening effect. First, we consider the possibility that the
hot electron relaxation time anomaly is associated with elec-
tron diffusion out of the excited region. The ambipolar dif-
fusion coefficient for InN at 300 K is 2.0 cm2/s.19 Thus, the
effective diffusion length of 0.08 m in 30 ps can be esti-
mated using the diffusion theory.20 The diffusion length is
too small compared with the used excited spot size 90 m;
the diffusion effects are practically negligible on the time
scale of our measurements. A log-log plot of 1 /fast versus
electron density is shown in Fig. 3a. The solid line fit has a
slope of 0.5. Thus, we obtain the result of decreasing hot
electron relaxation time, with increasing electron density,
which is measured as n−0.5. This density dependence n−0.5 is
quite similar to the reported result which measures hot elec-
tron relaxation time in GaAs, mediated by e-e interactions.21
For InN, the critical density Nc can be found as 1.49
1018 cm−3 by using the electron density at which p
FIG. 1. Temporal evolution of the reflectivity change in InN as a function of
excitation fluence.
FIG. 2. a Excitation fluence dependence of the peak reflectivity change.
b Excitation fluence dependence of the amplitude ratio A1 /A2.
FIG. 3. a Log-log plot for the total electron density dependence of the fast
relaxation rate 1 /fast. The total electron density includes contributions from
both background electron density originating from unintentional n-type dop-
ing determined by the Hall measurement and photoexcited electron density
controlled by laser fluence. The solid line is a power-law fit with the
exponent, as indicated. b Total electron density dependence of the slow
relaxation rate 1 /slow. The solid line is a linear fit with 1/slow=B0+B2n,
using B0=1.94109 s−1 and B2=2.4810−10 cm3 s−1.
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LO.
22 Here, p and LO LO=73 meV Ref. 12
are the plasmon energy and LO phonon energy, respectively.
In our measurements, the electron densities exceed the criti-
cal density. It is assumed that the electron–LO phonon inter-
action is fully screened. Therefore, the experiment measures
the density dependence of the energy relaxation by the hot
electron to the electrons. The energy exchange for the most
important e-e scattering events is 3/2p.23 Only a small
fraction of the hot electrons at high energy will emit
plasmons.23 Snoke23 reported that both the energy relaxation
rate and the thermalization rate of hot electrons through e-e
scattering are scaled as n0.5. Our results are in agreement
with Snoke’s results. Thus, we attribute the observed hot
electron relaxation time anomaly to e-e scattering.
In order to interpret the e-h recombination data, we
estimate the degenerate carrier radiative rate by 1/rad
=2e2N	Pc−v	2
E0 /m0
22c30.
24 Here, N, E0, and 	Pc−v	2

are the refractive index N=2.4, the optical absorption edge
energy, and the square momentum matrix element linking the
conduction and valence bands, respectively. Here we assume
the optical absorption edge energy to be 0.8 eV.17 The
other symbols have their usual meanings. 	Pc−v	2
 is esti-
mated using the Kane k · P theory.24,25 This gives a calculated
degenerate carrier radiative rate of 2.54108 s−1, which cor-
responds to the radiative recombination time of 3.9 ns. It is
clear that the carrier recombination time in our InN epilayers
is more than ten times shorter than those for which can be
accounted by radiative transitions alone and must be domi-
nated by nonradiative processes. We therefore consider the
role of radiative recombination processes negligible. The re-
combination of the e-h will follow two nonradiative recom-
bination mechanisms: the Shockley-Read-Hall mechanism
and the Auger recombination. In Fig. 3b, the e-h recombi-
nation rate shows a linear carrier density dependence. The
solid line is a linear regression fit to data with 1/slow=B0
+B2n, using B0=1.94109 s−1 and B2=2.48
10−10 cm3 s−1. This result implies that the recombination
rate has a carrier density dependence which results in non-
exponential relaxation. It can be observed in Fig. 1 that there
are slight deviations between the exponential relaxation fit
and data at hundred picosecond regime. The defect-related
recombination time in InN is 515 ps, which is obtained
directly from B0. We conclude that the Auger recombination
channel is the dominant channel for e-h recombination, with
a quadratic dependence of recombination rate on carrier den-
sity. Haug26 studied the Auger recombination for a degener-
ate carrier system and concluded that a 1 /Augn depen-
dence is expected. Thus, we believe that the linear carrier
density dependence for 1 /slow is due to the degenerate car-
rier system.
In conclusion, femtosecond time-resolved degenerate
pump-probe reflectivity measurements are employed to
probe the ultrafast carrier dynamics in the carrier density
range n=1018–1019 cm−3 in high-quality InN thin films. The
photon energy of the laser which we selected is 1.58 eV,
which is much higher than the band gap energy of InN. The
hot electron relaxation time decreases with increased elec-
tron density, which is measured as n−0.5. We attribute this
result to the fact that e-e scattering plays an important role in
hot electron relaxation. The observed strong dependence of
the e-h recombination rate on carrier density implies that
Auger recombination processes dominate in InN at room
temperature. The Auger recombination rate is found to have
a quadratic dependence on carrier density. The e-h recombi-
nation rate shows a linear carrier density dependence, giving
a reciprocal effective relaxation time dependence 1/Aug
=B2n, with B2=2.4810−10 cm3 s−1. In addition, the defect-
related recombination time in InN is found to be 515 ps.
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